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Because of their interesting and unique structures and properties,
chalcogenide tetrahedral clusters have attracted increasing attention.1-4
Geometrically, chalcogenide tetrahedral clusters generally fall into
one of three series: supertetrahedral clusters (Tn), pentasupertetra-
hedral clusters (Pn), and capped tetrahedral clusters (Cn).4 In
addition to the synthesis of clusters with novel compositions and
structures, there has been a strong desire to organize these clusters
into open-framework architecture that may have use as nanoporous
semiconductors.4-10 Compared to porous oxides, these chalco-
genides are characterized by the integration of open architecture
with semiconductivity and might find applications beyond those
of traditional insulating oxides.11,12 Such applications include
photocatalysis, photovoltaics, and sensing.
To further promote the potential applications of crystalline porous
semiconductors, it is highly desirable to develop composite materials
that allow uniform molecular-level integration of crystalline
semiconducting frameworks with optically active guest species. The
synergistic effects in such composite materials would offer un-
precedented properties leading to novel applications. Unfortunately,
chalcogenide open frameworks developed thus far generally contain
extraframework organic cations (e.g., quaternary ammoniums,
protonated amines) or hydrated inorganic cations that do not usually
contribute to electronic and optical properties.4-10
Here we demonstrate the use of optically active metal-chelate
dyes (e.g., [M(1,10-phenanthroline)3]2+ (M ) Fe2+, Ru2+), [Fe-
(2,2′-bipyridine)3]2+) as templates to organize chalcogenide clusters
into either molecular crystals (denoted MOL-6 and MOL-7, Table
1) or three-dimensional (3D) covalent open frameworks (denoted
COV-10 and COV-11, Table 1) from nanosized [Cd32S14(SC6H5)38]2-
clusters.
This work represents the first time that II-VI clusters containing
as many as 32 Cd2+ sites are assembled into covalent superlattices.
Prior to this work, nearly all Cn clusters have been prepared as
isolated clusters. Two exceptions are Cd17S4(SCH2CH2OH)26 and
Cd17S4(SC6H5)24(CH3OCS2)2), both of which are based on Cd-17
clusters (denoted C1), the first member in the Cn series.13-16
All materials were synthesized under solvothermal conditions
at temperatures between 85 and 150°C. Cd2+ and SPh- sources
are usually in the form of Cd(SPh)2.17 Thiourea is used as the S2-
source. Metal-chelate dyes were prepared by mixing metal cations
with corresponding ligands. The solvent is CH3CN or a mixture of
CH3CN and H2O in various ratios.
COV-10 and COV-11 reported here represent the first two
examples of covalent open frameworks consisting of corner-sharing
[Cd32S14(SC6H5)38]2- (C2) clusters (Figure 1). Both adopt the 2-fold
interpenetrating diamond-type lattice with Cd-32 clusters at the
tetrahedral node. Even though the double-diamond-type topology
is common,4 the adoption by large II-VI [Cd32S14(SC6H5)38]2-
clusters as tetrahedral nodes makes COV-10 and COV-11 excep-
tional. The large size of the [Cd32S14(SC6H5)38]2- cluster leads to
large extraframework space occupied by cationic metal complexes.
In comparison, no extraframework space is present in the
Cd17S4(SCH2CH2OH)26 framework.13 The symmetry difference
between COV-10 and COV-11 might result from the disorder of
the framework phenyl groups and the metal-chelate dyes.
The unprecedented covalent superlattices built from Cd-32
clusters result from the unique templating strategy employed for
II-VI chalcogenides for the first time. Because of the low charge
density of Cn clusters, the frameworks of COV-10 and COV-11
have considerably lower charge density than those from Tn (e.g.,
T5 In22Zn13S5416-) or Pn (e.g., P2 In22Li 4S4418-) clusters.4-10 The
use of metal-chelate dyes as templates is therefore essential for the
synthesis of the covalent frameworks based on large Cd-32 clusters.
Compared to commonly used protonated amines or inorganic
cations, the metal-chelate dyes used here have larger size and lower
charge density. This feature makes them ideal to template the
formation of superlattices that are also made of low-charge density
clusters. In addition, the hydrophobic surface of the metal-chelate
dyes also matches well with the hydrophobic surface of the
nanoclusters.
The structural and compositional diversity of metal-chelate dyes
offers many possibilities in the controlled assembly of different
low-charged nanoclusters into open topologies that are not acces-
sible with conventional organic or inorganic templates. The work
reported here represents an unprecedented application of the host-
guest charge density matching (i.e., global charge matching) in the
construction of superlattices from II-VI nanoclusters.
In addition to templating the formation of 3D covalent frame-
works, metal-chelate dyes can also induce the crystallization of
different tetrahedral clusters and stabilize their molecular lattice.
These molecular crystals can be synthesized at a temperature lower
than that for covalent framework structures. For example, MOL-
6CdS-FePAL was successfully synthesized at 110°C from the same
reaction mixture for COV-10CdS-FePAL that was obtained at 130
°C.17 In this work, Cd-32 clusters are present in both MOL-6 (Figure
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Figure 1. (Left) C2 cluster [Cd32S14(SPh)38]2- in COV-10 and COV-11.
Green sphere: Cd2+. Orange sphere: S2-. (Right) 3D framework of COV-
10CdS-FePAL. Two interpenetrating lattices are represented in green and
blue tetrahedra, respectively. The template, [Fe(1,10-phenanthroline)3]2+,
is shown in ball-and-stick.
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2) and MOL-7. It is worth noting that, compared to the Cd-32
cluster in COV-10 and COV-11, each Cd-32 cluster in MOL-6 and
MOL-7 has one of four barrelanoid cages rotated by 60° and is
therefore denoted as C2,1 cluster.4 While [Fe(1,10-phenanthro-
line)3]2+ controls the packing mode in MOL-6, larger [Fe(3,4,7,8-
tetramethyl-1,10-phenanthroline)3]2+ controls the formation of
MOL-7.
More importantly, the co-assembly of optically active species,
metal-chelate dyes in this work, with molecular or covalent
semiconductor superlattices of chalcogenide nanoclusters opens new
opportunities for the control of electronic or optical properties of
resulting hybrid materials. As illustrated in Figure 3, the composite
materials synthesized here from metal-chelate dyes and CdS
nanoclusters exhibit significant visible light absorption that is quite
sensitive to the nature of the metal-chelate dyes. The absorption
properties could be tuned by changing either the type of metal
centers or organic ligands. This interesting property might make
them useful candidates as visible light photocatalysts or photocurrent
generators.
In conclusion, metal-chelate dyes have been demonstrated as
effective structure-directing agents to control the organization of
relatively low-charged chalcogenide nanoclusters into nanocluster
open frameworks that are not accessible by other templating
methods. The resulting chalcogenide open frameworks exhibit
interesting optical properties that reflect the combined effects of
both metal-chelate dyes and semiconducting open frameworks.
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Table 1. Summary of Crystallographic Data in This Studya
nameb cluster cluster composition space group a (Å) b (Å) c (Å) â (deg) R1
COV-10CdS-FePAL C2 CdS Cd32S14(SPh)382- C2/c 48.250(2) 48.650(2) 35.652(2) 131.386(2) 6.28
COV-10CdS-RuPAL C2 CdS Cd32S14(SPh)382- C2/c 48.448(6) 48.899(7) 35.851(5) 131.502(3) 6.13
COV-11CdS-FeBPy C2 CdS Cd32S14(SPh)382- Fddd 46.374(2) 51.581(2) 53.407(2) 90 7.61
MOL-6CdS-FePAL C2,1 CdS Cd32S14(SPh)404- P21/c 20.9325(4) 46.3439(9) 34.2172(7) 92.061(1) 9.67
MOL-7CdS-FeTMPAL C2,1 CdS Cd32S14(SPh)404- P1h 21.588(4) 22.323(4) 43.844(9) 78.61(3) 6.83
a Diffraction data were collected on a Bruker APEX diffractometer with Mo KR X-ray source at 90-150 K. The final full-matrix refinements were
againstF2. R(F) ) ∑||Fo| - |Fc||/∑ |Fo| with Fo > 4.0σ(F). For MOL-7CdS FePAL,R ) 76.220(30)°; γ ) 84.380(30)°. b FePAL ) [Fe(1,10-
phenanthroline)3]2+; RuPAL) [Ru(1,10-phenanthroline)3]2+; FeTMPAL) [Fe(3,4,7,8-tetramethyl-1,10-phenanthroline)3]2+; FeBPy) [Fe(2,2′-bipyridine)3]2+.
Due to disorder of surface capping phenyl groups, it is not possible to obtain accurate bond lengths involving carbon atoms.
Figure 2. (Left) Individual C2,1 cluster [Cd32S14(SPh)40]4- in MOL-6 and
MOL-7. Green sphere: Cd2+. Orange sphere: S2-. The rotated barrelanoid
cage is highlighted by purple-colored bonds. (Right) Structure of MOL-6.
C2,1 clusters are shown in green tetrahedra. The template, [Fe(1,10-
phenanthroline)3]2+, is shown in ball-and-stick.
Figure 3. UV-vis absorption spectra for selected compounds.
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